located within a homozygous region were screened for mutations. Patients in whom a mutation was detected underwent further ophthalmic examination. RESULTS. Homozygous sequence variants were identified in eight CRD families, six of which were nonconsanguineous. The variants were detected in the following six genes: ABCA4, CABP4, CERKL, EYS, KCNV2, and PROM1. Patients carrying mutations in ABCA4, CERKL, and PROM1 had typical CRD symptoms, but a variety of retinal appearances on funduscopy, optical coherence tomography, and autofluorescence imaging. CONCLUSIONS. Homozygosity mapping led to the identification of new mutations in consanguineous and nonconsanguineous patients with retinal dystrophy. Detailed clinical characterization revealed a variety of retinal appearances, ranging from nearly normal to extensive retinal remodeling, retinal thinning, and debris accumulation. Although CRD was initially diagnosed in all patients, the molecular findings led to a reappraisal of the diagnosis in patients carrying mutations in EYS, CABP4, and KCNV2. (Invest Ophthalmol Vis Sci. 2010;51:5943-5951) DOI: 10.1167/iovs.10-5797 C one-rod dystrophies (CRDs) belong to a heterogeneous group of inherited retinal dystrophies, characterized by the primary dysfunction or loss of cone photoreceptors followed by the dysfunction or loss of rod photoreceptors. The diagnosis is established by documenting decreased visual acuity-usually noticed during childhood-dyschromatopsia, central scotomas on visual field testing, and an electroretinogram (ERG) that shows more severely reduced cone than rod responses. 1 The clinical course involves progressive loss of central vision, followed by peripheral visual field loss and progressive nyctalopia as more rod photoreceptors become involved in the disease process and eventually may lead to complete blindness. CRD often presents as an isolated disease, but can be part of a syndrome as well, as in Bardet-Biedl or Jalili syndrome. 2, 3 Isolated CRD can be inherited as an autosomal recessive, autosomal dominant, or X-linked trait and is genetically heterogeneous. Currently, autosomal recessive (ar)CRD is associated with mutations in five genes, of which ABCA4 is the major contributing gene (40%). 4 -7 The other four genes (ADAM9, CERKL, PROM1, and RPGRIP1) together account for only a few cases (1%-2% each). 8 -11 Autosomal recessive disorders such as CRD can be caused by homozygous or compound heterozygous mutations. Homozygous mutations are most frequently detected in patients of consanguineous parents or in patients from relatively isolated populations, where the chance that the parents have a common ancestor is relatively high. However, homozygous mutations are also detected in patients of nonconsanguineous unions, and on the basis of several genetic studies in large cohorts of patients with autosomal recessive diseases from Western European countries, it is estimated that ϳ35% carry the mutations homozygously. [12] [13] [14] [15] [16] A homozygous mutation is likely to reside within a homozygous region that is detectable with a high-resolution single nucleotide polymorphism (SNP) array. 17, 18 Mapping of these homozygous regions (homozygosity mapping) may lead to the identification of the genetic defect in consanguineous and in nonconsanguineous patients, as shown as proof of principle in patients with autosomal recessive kidney diseases, 19 and as a successful method for the detection of new disease genes 20 -23 and new mutations in known genes implicated in retinal dystrophies. 24 The goal of this study was to identify and map homozygous regions in a large cohort of CRD patients, mainly born of nonconsanguineous marriages, and to subsequently identify the causal mutations. Using this approach, we identified eight genetic variants, of which seven were novel, in four families and four sporadic patients, respectively. All patients carrying disease-causing mutations were clinically re-evaluated.
METHODS

Subjects
A total of 126 probands and 13 affected siblings with known or suspected arCRD or isolated CRD were included in this study by ophthalmologists from The Netherlands (LIvdB, MMvG, CBH, MJvS), Germany (KR), and Canada (RKK). The study was approved by the ethics review board of the participating centers, and all patients signed an informed consent that adhered to the tenets of the Declaration of Helsinki.
After the genetic defect was detected, clinical data were retrospectively reviewed, and patients were invited for ophthalmic examination by their ophthalmologists. Clinical evaluation included best corrected projected Snellen visual acuity, objective refractive error after cycloplegia, biomicroscopy, and funduscopy. Visual fields were assessed with Goldmann kinetic perimetry (targets V-4e and I-4e). Color vision was tested with the American Optical Hardy-Rand-Rittler Test (AO-HRR), Farnsworth D-15 panel (saturated and desaturated), or Ishihara color plates. Spectral-domain optical coherence tomography (OCT) and fundus autofluorescence (FAF) imaging (Spectralis; Heidelberg Engineering, Heidelberg, Germany) were performed in four patients. Fundus photographs were made in all patients.
Homozygosity Mapping
Blood samples for molecular genetic testing were obtained from all probands and affected family members. Total genomic DNA was extracted from leukocytes by a standard salting-out procedure. 25 DNA samples of 90 probands, mainly from The Netherlands and Germany, were screened for known mutations in ABCA4 by the ABCA4 arrayedprimer extension (APEX) microarray (Asper Ophthalmics, Tartu, Estonia). 26 The 46 probands and 13 siblings who did not carry known mutations in ABCA4 were genotyped (GeneChip Mapping 250K NspI array; Affymetrix, Santa Clara, CA), containing 262,000 SNPs. Fortynine probands, mainly from eastern Canada, were included in the study in a later stage and were not prescreened for known mutations in ABCA4. These samples were genotyped on an SNP array (GeneChip Genome-Wide Human SNP Array 6.0; Affymetrix), containing 906,600 polymorphic SNPs. Array experiments were performed according to protocols provided by the manufacturer. For both array platforms, genotypes were called by allied software (Genotype Console; Affymetrix). For the 250K-analyzed samples, the default confidence threshold was adjusted to 0.3 for samples, with a quality control value of Ͻ93%. All samples analyzed on the 6.0 array had a quality control value of Ͼ93%, and for those samples, default settings were used.
Regions of homozygosity were determined by PLINK software, 27 with a sliding window of 50 SNPs and allowing 2 heterozygous SNPs (miscalls) and 10 missing SNPs (no calls) per window. Because the 250K and 6.0 arrays contain different SNP densities, we defined regions to be homozygous when they contained 200 or more consecutive homozygous SNPs on the 250K array and 600 or more consecutive homozygous SNPs on the 6.0 array. The minimum length of the regions appeared to be ϳ3 Mb, on average.
Analysis of Homozygous Regions
Homozygous regions were ranked based on the number of SNPs. SNP positions were derived from the UCSC human genome browser build hg18, March 2006 (http://genome.ucsc.edu provided in the public domain by UCSC Genome Bioinformatics, University of California at Santa Cruz, Santa Cruz, CA). All arCRD and autosomal dominant (ad) CRD genes residing in a homozygous region were selected for mutation analysis. We also analyzed all autosomal recessive retinal dystrophy genes (derived from RetNet: http://www.sph.uth.tmc.edu/RetNet; provided in the public domain by the University of Texas Houston Health Science Center, Houston, TX) residing in the six largest homozygous regions of each patient or, in case of multiple affected siblings, in the six largest homozygous regions shared by the siblings. Finally, we determined overlap of the detected homozygous regions with known, published retinal dystrophy loci (RetNet).
Sequence Analysis
We selected a total of 15 retinal dystrophy genes for mutation analysis. Six genes known to be associated with arCRD and adCRD were analyzed (arCRD genes: ABCA4, two patients; ADAM9, three patients; and CERKL, three patients; PROM1, three patients. adCRD genes: SEMA4A, two patients; and UNC119, two patients). In addition, nine genes associated with other retinal dystrophies were screened (CABP4, KCNV2, and RLBP1 each in two patients; C2orf71, CNGA1, IDH3B, RDH5, RDS, and RP1 each in one patient). All coding exons of the selected genes were PCR amplified and analyzed in sense or antisense direction on an automated sequencer (BigDye Terminator, ver. 3, on a 3730 DNA analyzer; Applied Biosystems, Inc., Foster City, CA). Primers were designed using Primer3 software. 28 Ethnically matched control individuals were screened for newly identified mutations by using the amplification-refractory mutation system (ARMS) or restriction fragment length polymorphism. 29 Primer sequences and PCR conditions are available on request.
RESULTS
Patient Cohort and ABCA4 Prescreening
A total of 126 probands and 13 affected siblings who received a clinical diagnosis of arCRD or isolated CRD were included in this study. This cohort included 10 families with two or three affected siblings. Six sporadic CRD patients and one CRD family were reported to be consanguineous; the remaining patients and families were reported to be nonconsanguineous. Prescreening of 90 probands, using the ABCA4 APEX microarray (Asper Ophthalmics), 26 revealed mutations in ABCA4 in 31 patients (1 homozygous, 15 compound heterozygous, and 15 heterozygous), of which 19 have been published previously. 4, 7 All patients carrying one or two ABCA4 mutations were excluded from further research.
Homozygosity Mapping
A total of 59 CRD samples were analyzed for 262,000 SNPs (250K array; Affymetrix) and 49 samples were analyzed for 906,600 SNPs (6.0 array; Affymetrix), and homozygous regions were determined.
Supplementary Table S1 , http://www.iovs.org/cgi/content/ full/51/11/5943/DC1, gives an overview of the number and In affected siblings, we compared the individual homozygous regions and included only those regions that were shared between siblings and displayed the same haplotype. In two nonconsanguineous families, no shared homozygous regions were present. Five families (of which one was consanguineous) had one shared homozygous region, and three families had two. . The p.Q800 in ADAM9 is fully conserved in at least five of six residues, and the p.S649 residue in PROM1 shows a similar amino acid in six of seven residues, but both appear to be nonpathogenic. White lettered residues on a black background are fully conserved. White letters on a gray background are relatively well-conserved or form a block of similar amino acids. Figure 1 presents an overview of all detected homozygous regions sorted by chromosome. In these plots, known retinal dystrophy loci, centromeric regions (which are less likely to recombine), and common homozygous regions are indicated. A common homozygous region was defined as a region of Ն100 homozygous SNPs present in Ն25% of individuals in a cohort of 144 healthy controls. 30 A small number of homozygous regions seemed to be shared among four or six individuals. However, when patients who carried mutations in another homozygous region, common homozygous regions, and regions close to the centromere were excluded, only regions shared among a maximum of three patients remain. This finding indicates that no major novel locus for arCRD was detected in this cohort by our homozygosity mapping approach.
Mutation Analysis
Mutation analysis of four arCRD genes (ABCA4, ADAM9, CERKL, and PROM1) in a total of 11 probands (eight sporadic CRD patients and three families) revealed sequence variants in seven of them (five sporadic patients and two families; Table 1 ). Screening of 9 other retinal dystrophy genes in a total of 12 probands led to the identification of novel homozygous mutations in one sporadic patient (KCNV2) and in one family (CABP4; Table 1 ).
The p.C54G change in ABCA4 (family W04-009) is a known mutation that was not yet present on the 2001 version of the ABCA4 APEX array at the time that the patient's DNA was screened. 31 The other mutation in ABCA4 (c.6729ϩ5_19del15) is new and was not detected in 180 control alleles. This mutation may result in defective splicing, since the splice site consensus score decreases from 81.8 to 61.7, as calculated by the method of Shapiro and Senapathy. 33 A homozygous nonsense mutation (c.847CϾT; p.R283X) and a homozygous missense mutation (c.375CϾG; p.C125W), both novel, were identified in CERKL. The missense mutation replaces a cysteine with a tryptophan, which does not occur commonly during evolution (BLOSUM62 score, Ϫ2; Table 2 ). 34 The mutation affects a fully conserved residue (Fig. 2) . It was also identified homozygously in the patient's affected sibling (patient 54684) and was not present in 200 ethnically matched control alleles and is therefore likely to be pathogenic. The novel splice site mutation in PROM1 (c.1142-1GϾA) affects the invariable AG-dinucleotide of the splice acceptor site of intron 10 and is predicted to impair splicing. The missense changes in PROM1 (c.1946CϾT; p.S649L) and ADAM9 (c.2400GϾT; p.Q800H) both affect highly conserved residues (Fig. 2) . However, the variant in PROM1 was identified homozygously in 1 of 90 ethnically matched control individuals and is therefore likely to be nonpathogenic. The ADAM9 variant was detected homozygously in an unaffected brother and is therefore likely to be nonpathogenic as well ( Table 2 ). The amino acid sequences are aligned in commercial software, using default settings (Vector NTI software; Invitrogen, Breda, The Netherlands). Protein sequences of CERKL, PROM1 and ADAM9 orthologs were derived from the NCBI database (http://www.ncbi.nlm.nih.gov/homologene/National Center for Biotechnology Information [NCBI], Bethesda, MD). 
Overlap with Retinal Disease Loci
One homozygous region in a nonconsanguineous Dutch CRD family from this cohort overlapped with the RP25 locus, which led to the discovery of EYS and the identification of a p.Y3156X mutation in the affected siblings. We published this finding elsewhere. 22 In addition, several other homozygous regions were detected that overlapped with previously published retinal dystrophy loci: LCA9, RP22, RP28, RP29, RCD1, and most interesting, the 5.8 Mb CORD8 locus. 35, 36 Two CRD patients of this study show an overlap with the entire CORD8 locus, a region that harbors more than 100 genes, of which SEMA4A was excluded as being causative. No other obvious candidate genes were identified in this region. Since most of the published retinal dystrophy loci are very large, the overlap with one of our homozygous regions may be coincidental.
Clinical Features
All 14 patients from eight families in which mutations were identified underwent detailed ophthalmic examinations. An overview of the clinical data is presented in Table 3 . Ten patients showed clear signs of CRD. Remarkably, four patients from three families (two patients with mutations in CABP4, one with EYS mutations, and one with KCNV2 mutations), originally thought to have cone-rod dysfunction and therefore entered in this study, appeared not to be affected with CRD. We have described the phenotype of the patients carrying mutations in CABP4 and in EYS in other reports. 22, 32 The fourth patient, carrying a homozygous KCNV2 mutation, initially received a diagnosis of CRD. However, additional ERG testing at the age of 11 showed supernormal and delayed rod responses and decreased cone responses, characteristic of cone dystrophy with supernormal rod responses (RCD3; OMIM entry 610024; Online Mendelian Inheritance in Man; http://www.ncbi.nlm.nih.gov/Omim/ provided in the public domain by NCBI). The detection of the novel p.Y54X mutation in KCNV2 confirmed the corrected diagnosis, since this phenotype is specifically associated with mutations in KCNV2. 37 The remaining patients showed the typical signs of CRD, with a wide range of phenotypic features and severity. Visual acuity ranged from 20/50 at age 48 in patient 50397 (CERKL, p.C125W) to light perception (LP) at age 53 in patient 51456 (CERKL, p.R283X). All patients experienced color vision abnormalities, central defects of the visual field on Goldmann perimetry, and, when measurable, more decreased cone than rod responses. Fundus photographs, spectral-domain OCT, and FAF images of selected patients are presented in Figure 3 and described in Table 4 .
In summary, macular appearances ranged from subtle RPE changes (PROM1) to pronounced atrophy of the RPE and choriocapillaris (CERKL). FAF showed an absence of autofluorescence in the macula in most of the patients. In vivo retinal architecture performed by spectral-domain OCT, showed a variety of patterns, ranging from severe retinal thinning (CERKL) to thickening (CERKL), loss of architecture (ABCA4), cysts (CERKL), and accumulation of subfoveal hyperreflective debris (ABCA4).
DISCUSSION
Homozygosity mapping in 95 probands and 13 affected siblings revealed significant homozygous regions in 77% of nonconsanguineous patients and in all consanguineous patients and led to the identification of the causative genetic defect in six nonconsanguineous probands and in two consanguineous probands. The percentage of homozygous regions in nonconsanguineous patients seems to be high compared with those in other studies, in which homozygous regions were detected in 5% to 52% of patients from outbred populations. 24, 38, 39 This disparity could be explained by the less stringent software settings that we used to avoid false-negative regions. In addition, the cutoff for minimum length of homozygous regions varies among the different studies. Results of genotyping studies in large cohorts show that individuals from outbred populations commonly carry homozygous regions, although the regions are usually shorter than those in individuals from isolated populations. 17, 40 In all patients in whom a mutation was detected, the retinal phenotypes were reassessed. The mutations residing in ABCA4, PROM1, and CERKL, all previously associated with CRD, 4,9,10 indeed caused a CRD phenotype, although with variable characteristics. Three siblings carrying mutations in ABCA4 and two siblings with PROM1 mutations showed a decrease in visual acuity during childhood (8 -15 years of age), which is consistent with the previously described ABCA4-and PROM1-related phenotypes. 9, 41 One patient (50417) carrying a defective splice site in ABCA4 had a later age at onset (30 years), which suggests that this mutation could have a moderately damaging effect on the protein. The three patients carrying mutations in CERKL had an age at onset of approximately 30 as well, but their visual acuities at the age of 50 differed considerably, even in the two brothers carrying the same mutation (20/50 at age 48 and 3/400 at age 51, respectively, and light perception at age 53 in the third patient). A wide variety of visual acuities in CRD patients with CERKL mutations were described by Aleman et al., 10 as well. A variability in retinal and macular appearances, retinal OCT findings and FAF patterns was noted, even for the same gene in different families (Figs. 3D-I versus 3J-L) and the same mutation in the same family (Figs. 3D-F versus 3G-I) . A variety of maculopathies were documented, with geographic atrophy, choroidal sclerosis, and hyperpigmentation. Detailed OCT studies revealed retinal remodeling, loss of retinal layers, debris accumulation between the retina and RPE, single cysts, a subretinal cystic structure, and foveal thinning. Finally, FAF showed a complete absence of autofluorescence in the macular region in most patients, suggesting integral RPE and photoreceptor loss. Documenting structural (OCT) and functional (FAF) disease patterns in genotyped patients are crucial for future therapeutic trials and deciding the appropriate therapeutic modalities for the genotyped patients (gene replacement and drug trials in relatively intact retinas versus cell replacements in relatively destroyed maculas) but also for refining the clinical diagnosis and the visual prognosis.
One patient with EYS mutations received a diagnosis of CRD, but her brother was found to have RP. Mutations in EYS have been shown to be causative of ϳ5% to 12% of arRP cases, whereas no mutations have been found in additional CRD patients. [42] [43] [44] [45] EYS is therefore not a frequent cause of CRD. The clinical diagnoses of the patients carrying mutations in CABP4 and KCNV2 were revised to congenital cone-rod synaptic disorder and cone dystrophy with supernormal rod responses, respectively. 32, 37, 46 These revisions illustrate the complexity of diagnosing retinal dystrophies, the significant clinical overlap of genetically distinct disorders, and the power and utility of molecular genetic testing.
Overall, the percentage of CRD cases that can be attributed to each gene in this cohort is ϳ1% for PROM1 (1/123), ϳ2% for CERKL (2/123), and between ϳ27% (33/123) to ϳ34% (31/90) for ABCA4, which is consistent with reported findings in previous publications. 4 -7,9,10 We identified EYS mutations in 1% (1/123) of the CRD patients, but no other mutations in CRD patients were identified in other studies. 42, 43 The percentages include patients in which homozygous and heterozygous ABCA4 mutations were detected by APEX screening (Asper Ophthalmics). For these calculations, we excluded the four patients in whom other clinical diagnoses had been established.
Which patients are most suitable for mutation detection by homozygosity mapping? Gibson et al. 40 showed that long homozygous segments are common in unrelated individuals from the HapMap database. However, long and numerous homozygous segments usually indicate parental relatedness. 17, 18 Also, the average genome-wide homozygosity in nonconsanguineous patients of the entire cohort was 0.5% (0%-2.9%), whereas the average was 1.06% (0.5%-1.6%) in patients in whom homozygous mutations were identified. Although Carothers et al. 47 showed that the percentage of homozygosity is unreliable in predicting relatedness, our data suggest that the chance of finding a homozygous mutation is higher in patients with a high percentage of homozygosity. Knowing the family origin provides a better chance of finding a homozygous defect. In at least four of our patients, the paternal and maternal grandparents originated from the same geographic region; one family from a province in Greece, one from the south-west of The Netherlands, one from the east of The Netherlands, and one family from the French-Canadian founder population. Therefore, detailed information about the origin of grandparents of a patient is desired when considering whether homozygosity mapping will be efficient in identifying a genetic defect in a particular patient. Furthermore, for four of eight probands in which the genetic defect was identified, one or more affected siblings were available for homozygosity mapping. In agreement with the findings of Woods et al., 48 families with two or more affected siblings provided the most power for pinpointing the homozygous region containing the mutation.
The homozygosity data generated in this study are likely to be a valuable resource for the detection of novel disease genes. The discovery of the EYS gene in a family of this cohort, for example, shows how relatively small homozygous regions in nonconsanguineous families can fine map the causative locus and thereby facilitate the identification of a new causative gene. Moreover, such data may be valuable now that nextgeneration sequencing is emerging, which enables the screening of all genes within a homozygous region in one experiment. 49 In conclusion, this study shows that homozygosity mapping can lead to the identification of novel genetic defects in consanguineous as well as nonconsanguineous families. Our results show that many more CRD genes may exist. Finding them and identifying the associated detailed phenotypes will provide more insight into patients suitable for gene-specific therapies.
